A thermodynamic analysis has been carried out on the Ni-Si-Ti ternary system using the CALPHAD method. A regular solution approximation based on the sublattice model was adopted to describe the Gibbs energy for the individual phases in the binary and ternary systems. The thermodynamic parameters for each phase were evaluated using available experimental data on the phase boundaries and other related thermochemical properties. In addition to the experimental data, the enthalpy of formation for some binary and ternary compound phases as determined by ab initio calculations was incorporated in the present analysis. There was good agreement between the calculated and the experimental phase equilibria in the binary and ternary systems.
Introduction
The Ni-Si-Ti system contains some attractive compound phases that can have uses in a variety of applications. For example, the Ti 5 Si 3 phase is a candidate alloy for a hightemperature structural material due to its high melting point. Ni 3 (Si,Ti) alloy is a medium-temperature acid-resistant alloy, and its environmental embrittlement has been intensely studied. 1, 2) NiTi alloys are well known as shape memory alloys, and the effect of Si addition on its transformation temperatures and precipitated secondary phases has been studied. 3) Recently, the brazing of silicon nitride using Ni-SiTi alloys as a brazing filler metal has been reported. 4) Therefore, to develop these ternary alloys for various purposes, information on the phase equilibria in the Ni-SiTi system is required. The CALPHAD (CALculation of PHAse Diagrams) approach 5) provides a powerful tool for obtaining information on physical parameters, such as amounts and compositions of constituent phases, and the liquidus and solidus temperatures.
In the present study, a thermodynamic analysis of the NiSi-Ti ternary system has been carried out based on available experimental data on the phase boundaries and thermochemical properties. In addition to the experimental data, the formation energies of some binary and ternary compound phases obtained from ab initio calculations were incorporated in the analysis.
Thermodynamic Description
To maintain consistency with other thermodynamic assessments, the pure elements were described using the data compiled by Dinsdale, 6) with the Gibbs energy of each element defined with respect to its stable state at 298.15 K and 0.1 MPa.
The Gibbs energies of the liquid phase and the terminal solid solution phases were described using the conventional regular solution model as follows:
where G 0 i is the lattice stability, and denotes the Gibbs energy of element i in the 0 phase state. R is the gas constant, and x Ni , x Si , and x Ti are the mole fractions of Ni, Si, and Ti, respectively. The parameter L 
In the case of the Si-Ti binary system, the Gibbs energies of liquid and the terminal solid solution phases are given by an equation similar to eq. (1), with x Ni ¼ 0. The Gibbs energy contributions due to ferromagnetic ordering of the fcc phase were described using the model of Hillert and Jarl
where mag G 0 m is the Gibbs energy of magnetic ordering, is the average magnetic moment per atom in the 0 phase (expressed in units of Bohr magneton), and f ð(Þ is a polynomial function of (. The term ( is defined as T=T The Gibbs energy of compound phases with some form of homogeneity range, such as the Ni 3 Ti phase, was described using the sublattice model. 8) According to this model, the Ni 3 Ti phase, for example, is divided into two sublattices, where the first sublattice is occupied predominantly by Ni atoms, and the second one predominantly by Ti atoms, i.e., (Ni,Ti) 0:75 (Ti,Ni) 0:25 . The Gibbs energy of the Ni 3 Ti phase is given by
is the Gibbs energy of the hypothetical Ni 3 Ti phase, in which all the sites in Sublattice I are occupied by element i, and all the sites of Sublattice II are occupied by element j, respectively. The colon separates the constituent elements in the sublattices. The site fraction of the elements in each sublattice is denoted by y i . The term G ex denotes the excess energy term described by an equation similar to eq. (2).
Ansara et al. 9) have shown that the Wagner-Schottky model and the sublattice formalism are equivalent, and for an A m B n phase with the formalism (A,B) m (A,B) n , for example, the following parameter constraint must hold.
Therefore, one of the four parameters in eq. (6) is not independent, and this constraint was used for the NiTi phase. The Gibbs energies of the ternary compound phases, Ni a Si b Ti c , were described as follows:
where ÁG
is the Gibbs energy of formation per mole of atoms of the compound that can be expressed using the following equation.
Ab Initio Calculations
There is no experimental data on the enthalpy of formation for the Ni-Si-Ti ternary compound phases, and a prediction of the formation energy of these ternary compound phases is very useful for assessing the phase equilibria of the present study. Recently, Ohtani et al., 10) and Ohtani and Hasebe 11) have calculated some ordered and compound phases in the various binary systems using the Full Potential Linearized Augmented Plane Wave (FLAPW) method. 12) They have shown that the calculated results agree satisfactorily with the experimental values. In the present study, the formation energy of the Ni-Si-Ti ternary compound phases was calculated using the FLAPW method with a General Gradient Approximation (GGA). 13) Furthermore, the phase stability of the metastable binary phases was also calculated. This estimation was also useful in the present analysis, as the phase stability of the metastable phases cannot be evaluated experimentally. The variation in the total energy with volume at constant shape of unit cell was calculated for various NiSi-Ti ternary compound phases. The formation energy, ÁE 0 form , for the 0 phase was defined from the total energy, E 0 tot , by subtracting the concentration weighted averages of the pure elements, as shown in eq. (9) The calculation of the total energy for each ternary compound phase was based on the structural data compiled by Villars. 14) In his compilation, information on the atomic positions for only the E-NiSiTi and V-Ni 4 Si 7 Ti 4 phases was available, and therefore, the remaining phases referred to the atomic positions of their prototype structures. In addition to these ternary phases, calculations on some metastable binary phases were also carried out. For the Ni 3 Si, Ti 3 Ni, and Ti 3 Si phases with the D0 24 structure, the c=a ratio was also optimized. The crystallographic data involved in the present calculations are shown in Table 1 . The R mt (muffin-tin radius) used in the present calculations was 2.0 a.u. in all cases of the elements Ni, Si, and Ti. The plane wave basis set with R mt K max ¼ 9:0, which almost corresponds to the cut-off energy of 20 Ry, was utilized. The term K max denotes the maximum radius of a sphere centered at the origin of reciprocal space, in which all the reciprocal lattice vectors taken into the basis set are present. Care was taken to calculate all the structures using the same k-point grid, which included 2000 points in the first Brillouin zone.
Each value of the formation energies referred to as, fcc Ni, diamond Si, and hcp Ti, and the equilibrium lattice parameters corresponding to the minimum total energy are listed in Table 2 . For the NiTi and Ni 3 Ti phases, the experimental values of the formation energies 15) are also listed in Table 2 .
Thermodynamic Analysis and Calculation of Phase Diagrams

Ni-Si binary system
A thermodynamic analysis on this system has been previously carried out by the author's group, 16) which was based on available experimental data and the results obtained from ab initio energetic calculations. In that analysis, although the Gibbs energy for the fcc phase was modeled using a ''single'' equation to describe the order-disorder transformation, the ordered fcc phase, Ni 3 Si( 1 ), was treated as an independent phase in this study to extrapolate this system more easily to a higher order system. The phase stability for a hypothetical Si 3 Ni phase with an L1 2 structure was evaluated using the results obtained from ab initio calculations. 16) Except for those of the Ni 3 Si( 1 ) phase, all the parameters previously assessed by Tokunaga et al. 16) were used. The calculated phase diagram is shown in Fig. 1 , and the parameters for the Ni 3 Si( 1 ) phase are listed in Table 3 .
Ni-Ti binary system
The phase diagram of the Ni-Ti system has been studied 1508 T. Tokunaga, K. Hashima, H. Ohtani and M. Hasebe many times before, and has been evaluated by Murray, 17) although Ni 3 Ti had no homogeneity range in her evaluation. Jia et al., 18) however, have reported a homogeneity range for this phase.
The Ni-Ti system has been thermodynamically evaluated by Kaufman and Nesor, 19) Saunders, 20) Liang and Jin, 21) Bellen et al., 22) and Tang et al. 23) In the work of Kaufman and Nesor, all the intermediate phases were described as being the stoichiometric phase. Liang and Jin modeled the NiTi phase using the Wagner-Schottky model to describe the homogeneity range, but treated Ni 3 Ti phase as a line compound. Saunders, Bellen et al., and Tang et al., used sublattice formalism to account for the homogeneity range of both compound phases. In their work, the formula (Ni,Ti) 0:75 (Ni,Ti) 0:25 was used for the Ni 3 Ti phase. On the other hand, for a NiTi phase with a CsCl-type B2 superstructure, the formulae (Ni,Va) 0:5 (Ni,Ti) 0:5 , (Ni,Ti) 0:5 -(Ni,Ti) 0:5 , and (Ni,Ti,Va) 0:5 (Ni,Ti,Va) 0:5 were applied by Saunders, Bellen et al., and Tang et al., respectively, where Va denotes a vacancy. In the latter two modeling works, a ''single'' Gibbs energy function for the bcc phase was used to describe the A2/B2 transformation. According to the 
Present work Present work 24) the formula (Ni,Ti,Va) 0:5 (Ni,Ti, Va) 0:5 should be used to describe the NiTi phase, and the formula (Ni,Va) 0:5 (Ni,Ti) 0:5 is a good approximation of reality, because the two sublattice should be identical in the B2 structure. In the present study, the NiTi phase was treated as an independent phase, as well as the Ni 3 Si( 1 ) phase in the Ni-Si system, and the formula (Ni,Va) 0:5 (Ni,Ti) 0:5 was adopted. Except for NiTi, Ni 3 Ti, and the fcc phases, the thermodynamic parameters of Bellen et al., were used, because the parameters of Saunders were not revealed, and those of Tang et al. were based on the results of Saunders. The parameters for NiTi, Ni 3 Ti, and the fcc phases were evaluated using all the experimental data employed by Bellen et al., and the present results obtained from ab initio calculations. Furthermore, the constraint described by eq. 25) were also used. The optimized parameters for NiTi, Ni 3 Ti, and the fcc phases are listed in Table 3 , and the calculated phase diagram of the Ni-Ti system is shown in Fig. 2 , together with the experimental data. 17, 18, [26] [27] [28] [29] [30] There is good agreement between the experimental and the calculated phase boundaries, and the assessed values of enthalpy of formation for the NiTi and Ni 3 Ti phases agree satisfactorily with the experimental data 15) and the results obtained from ab initio calculations, where the assessed values were À33:33 kJ/mol and À40:04 kJ/mol, respectively. 
Present work
Thermodynamic Analysis of the Ni-Si-Ti System
Si-Ti binary system
The Si-Ti phase diagram has been thermodynamically assessed by Kaufman, 31) Murray, 32) Vahlas et al., 33) Gong et al., 34) and Engqvist et al. 35) The results of these calculations deviated from experimental data concerning the phase diagram and/or thermodynamic data, respectively. Recently, thermodynamic assessments have been carried out based on new thermodynamic data, stability ranges of the Ti-silicides and the homogeneity range of Ti 5 Si 3 phase by Seifert et al., 36) Tokunaga et al., 37) and Seifert. 38,39) Seifert et al. attempted to model the liquid phase using both the partially ionic liquid model 40) and the sub-regular model, and satisfactorily reproduced the experimental phase equilibria using only the partially ionic liquid model. The latter two analyses reproduced the experimental results using the sub-regular model for the liquid phase. In the present study, the parameters assessed by Tokunaga et al., 37) were accepted. In their analysis, the Ti 5 Si 3 phase was described using a three sublattice model with the formula (Si,Ti) 2 (Si,Ti) 3 Ti 3 , and other compound phases were treated as a stoichiometric phase. The calculated phase diagram is shown in Fig. 3 , and the set of the parameters used is listed in Table 3 .
Ni-Si-Ti ternary system
In the Ni-Si-Ti ternary system, the isothermal sections have been reported at 750 C, 1000 C, and 1100 C over the entire composition range by Markiv et al., 41) Westbrook et al., 42) and Hu et al., 43) respectively. Williams 44) provided some modification for the Ni corner of the 1000 C isotherm. Lutskaya and Alisova 45) reported on the phase relationship of NiTi-SiTi section at 800 C. In their results, seven ternary compound phases were identified in this system: GNi 16 were adopted, according to the experimental results, respectively. The remaining phases were assumed to be a pure binary phase due to a negligible homogeneity range.
The thermodynamic parameters in the Ni-Si-Ti system were optimized based mainly on the isothermal section at 1100 C. The results of Li et al. 46) were also employed to obtain the solid solubility of Ti in the Ni 3 Si( 1 ) phase. In addition to these experimental data, the formation energies for various binary metastable and ternary compound phases obtained from ab initio calculations were incorporated into the CALPHAD approach. The entropy contribution to the Gibbs energy for the ternary compound phases and the interaction parameters causing the dissolution of the third element into the binary compound phases were adjusted to fit the experimental phase equilibria data. The formation entropy was assumed to be zero for the metastable binary phases. For example, the Gibbs energy for the metastable NiSi phase with the B2 structure, which corresponds the phase stability of the counter phase for the NiTi phase, was described using the following equation
where the term A corresponds to ÁE 0 form in eq. (9) . However, the formation energy for the metastable Ni 3 Ti phase with the L1 2 structure obtained from ab initio calculations was more negative than that with the D0 24 structure assessed thermodynamically in the present analysis, where the assessed value was À40 kJ/mol. Therefore, the phase stability of the Ni 3 Ti phase with the L1 2 structure was determined in accordance with the following equation. G
The parameter G NiTi Va:Si for the NiTi phase in the ternary system was calculated using the constraint of eq. (6) in the SiTi binary system. The optimized parameters of the ternary system are listed in Table 3 .
The isothermal section diagram at 1100 C is shown in Fig. 4 , together with the experimental isothermal section. 43) When calculating the isothermal section diagram, the Ti 3 Si phase was not taken into account, because in practice, the Ti 3 Si phase only forms after lengthy anneals at high temperatures, and the Ti 5 Si 3 phase is formed instead. In reality, the Ti 3 Si phase has not been confirmed in the experimental ternary isothermal section. [41] [42] [43] In Fig. 5 , the calculated isothermal section at 750 C is compared with the experimental result given by Markiv et al. Figure 6 shows a comparison of the calculated isothermal section diagram in the Ni-rich region with the homogeneity region of the Ni 3 Si( 1 ) phase reported by Li et al. 46) The calculated solubility of Ti in the Ni 3 Si( 1 ) phase is rather lower than the experimental result, at 17.0 mol%Ti, and such a large solubility could not be reproduced simultaneously with the phase equilibria at 750 C and 1100 C. Although there is no experimental information on the liquidus temperatures for comparison, the calculated liquidus surface projection of the Ni-Si-Ti system is shown in Fig. 7 .
Conclusions
A thermodynamic analysis of the Ni-Si-Ti ternary system was carried out by combining the available experimental data C. 43) on the phase equilibria, and the results obtained from ab initio calculations. The results are summarized as follows:
(1) Some modification of the thermodynamic parameters for the Ni-Si and Ni-Ti binary systems were made based on available experimental data, and the results obtained from ab initio calculations. The calculated phase diagrams of the NiSi and Ni-Ti system agree well with the experimental results.
(2) The phase stability for some binary phases and ternary compound phases was evaluated using ab initio calculations. The calculated phase diagrams of the Ni-Si-Ti ternary system agree well with the available experimental results. Therefore, it is considered that the incorporation of the phase stability based on ab initio calculations into the conventional CALPHAD framework is promising or useful.
